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Collisional electron transfer from gaseous Cs atoms was studied for singly and doubly
protonated peptides Gly–Arg (GR) and Ala–Arg (AR) at 50- and 100-keV kinetic energies.
Singly protonated GR and AR were discharged to radicals that in part rearranged by migration
of a C hydrogen atom onto the guanidine group. The C-radical isomers formed were
detected as stable anions following transfer of a second electron. In addition to the stabilizing
rearrangements, the radicals underwent side-chain and backbone dissociations. The latter
formed z fragments that were detected as the corresponding anions. Analysis of the (GR  H)·
radical potential energy surface using electronic structure theory in combination with
Rice–Ramsperger–Kassel–Marcus calculations of rate constants indicated that the arginine C
hydrogen atom was likely to be transferred to the arginine side-chain on the experimental
timescale of 200 ns. Transfer of the Gly COH was calculated to have a higher transition-
state energy and was not kinetically competitive. Collisional electron transfer to doubly
protonated GR and AR resulted in complete dissociation of (GR 2H)· and (AR 2H)· ions
by loss of H, ammonia, and NOC bond cleavage. Electronic structure theory analysis of
(GR  2H)· indicated the presence of multiple conformers and electronic states that differed
in reactivity and steered the dissociations to distinct channels. Electron attachment to (GR 
2H)2 resulted in the formation of closely spaced electronic states of (GR  2H)· in which the
electron density was delocalized over the guanidinium, ammonium, amide, and carboxyl
groups. The different behavior of (GR  H)· and (GR  2H)· is explained by the different
timescales for dissociation and different internal energies acquired upon electron
transfer. (J Am Soc Mass Spectrom 2008, 19, 1726–1742) © 2008 Published by Elsevier Inc. on
behalf of American Society for Mass SpectrometryArginine frequently occurs as a C-terminal resi-due in tryptic peptides used in bottom-up pro-teomics. Because of the high basicity of the
guanidine group in the side chain, arginine residues at
C-termini are invariably protonated in peptide ions
produced by electrospray ionization. The ability of
arginine to sequester a proton in the gas-phase peptide
ion has a major effect on charge-driven ion dissociations
induced by collisional activation [1].
Less is known about the effects that Arg residues
have on dissociations of charge-reduced peptide ions
produced by electron capture or transfer [2]. For exam-
ple, protonated Arg residues at C-termini have been
reported to undergo preferential reduction upon elec-
tron capture and the dissociations mainly formed ion
fragments that carried the remaining charge on the
N-terminal Arg residue [3]. Recently, we have studied
one-electron reduction of protonated arginine and argi-
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doi:10.1016/j.jasms.2008.08.001nine amide as model systems for related electron cap-
ture (ECD) [4] and electron-transfer dissociations (ETD)
[5] of arginine-terminated peptides. Reduction of pro-
tonated functional groups in gas-phase peptide ions
produces transient radical intermediates that have been
considered to donate hydrogen atoms to amide car-
bonyl groups and thus initiate dissociations of back-
bone NOC bonds, resulting in the formation of c and
z sequence ions [4]. However, we have found for both
arginine and arginine amide that the protonated guani-
dine group, when converted to a guanidinium radical,
was an inefficient donor of hydrogen atoms [6]. In
contrast, the guanidinium carbon atom radicals were
found to be good hydrogen atom acceptors [7] in
transfers of hydrogen atoms from the amino acid C
positions forming stable C radicals. Amino acid and
peptide C radicals have also been of much interest as
reactive intermediates of protein radiation damage and
also in connection with radical enzyme reactions [8].
Regarding gas-phase reactions, arginine C radicals
have been calculated at high levels of ab initio theory to
be thermodynamically more stable than guanidinium
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protonated arginine [7, 9]. The tendency for kinetically
favored inverse, COH¡C(guanidine), migration was
called the arginine anomaly [9] because it indicated that
the guanidine radical group was a poor hydrogen atom
donor and might not be involved in triggering back-
bone NOC bond dissociations in arginine-containing
peptides. The theoretically predicted intermediate argi-
nine C radicals were recently detected as stable anions
after electron transfer from Cs atoms [6].
We now report additional evidence for inverse hydro-
gen atom migrations in arginine-containing peptide ions.
Whereas the previous studies [6, 9] used ions and radicals
derived from amino acids, we now use singly and doubly
protonated dipeptide ions (GRH), (ARH), (GR
2H)2, and (AR  2H)2 that are fully or partially
discharged by collisions with Cs atoms. In contrast to
ECD and ETD, the timescale for the electron-transfer
collision in our experiments is in the low-femtosecond
range, which secures that the charge-reduced species is
initially formed with the geometry of the precursor
cation. Dissociations or rearrangements of the charge-
reduced intermediates are observed on a 100-ns to 5-s
timescale. This allows us to study much faster processes
than those amenable to ECD and ETD measurements.
The dipeptide systems are then used to compare elec-
tron distribution in radicals or cation-radicals following
reduction of the arginine side chain with that in struc-
turally related peptide cation-radicals where the un-
paired electron can be delocalized over remote func-
tional groups [10]. The size of the current dipeptide
systems (34–38 atoms) further allows us to complement
experiments with high-level ab initio calculations for
precursor ions, radicals, cation-radicals, transition
states, and dissociation products that use electron-
correlation methods with large basis sets to achieve a
reliable description of the electronic properties and
energetics.
Experimental
Materials and Methods
Ala–Arg and Gly–Arg (a gift from Dr. Julia Chamot-
Rooke, Laboratory of Organic Reaction Mechanisms,
Ecole Polytechnique, Palaiseau, France) were purchased
from Sigma–Aldrich (Saint Quentin Fallavier, France)
and used as received. Electron-capture–induced disso-
ciation (ECID) and charge reversal (CR) mass spectra
were measured on a large-scale sector instrument de-
scribed previously [11]. Ions were produced by electro-
spray ionization from 1:1 water/methanol solutions
containing 1% of acetic acid. Precursor (GR  H) and
(AR  H) singly charged ions were accelerated to 50
keV corresponding to velocities of 2.04 and 1.98 105 m s1,
respectively. Doubly charged (GR  2H)2 and (AR 
2H)2 precursor ions were produced under the same
conditions and accelerated to 100 keV corresponding to
ion velocities of 2.88 and 2.79  105 m s1, respectively.Deuterated precursor ions were produced by electro-
spray from D2O/CH3OD solutions while saturating the
ionizer space with D2O vapor. The desired ions from
electrospray were mass selected by a magnetic sector at
mass resolution 500 and subjected to collisions with
Cs vapor in a special cell. For ECID measurements, the
temperature in the cell was maintained at 80–85 °C to
allow mainly single-ion collisions with Cs. For CR
measurements, the temperature in the cell was main-
tained at 105 °C to allow two consecutive ion–Cs colli-
sions. The ion drift times through the 4-cm-long colli-
sion cell were, respectively, t  200 and 140 ns for the
singly and doubly charged peptide ions under study.
During the passage through the cell, the doubly
charged ions underwent one collision with Cs atoms
and the charge-reduced positively charged products
were separated by kinetic energy in a hemispheric
electrostatic analyzer and detected by ion counting.
Singly charged peptide ions were discharged by a
collision with Cs to form radicals that had a Poisson
distribution of drift times before being ionized to anions
in a second collision. The distribution peaks at t/2 
100 ns, which represents the most probable radical
lifetime [6]. Negative ions formed in the cell were
allowed to drift to a hemispheric electrostatic analyzer,
where they were separated by kinetic energy and
detected. Multiple scans were taken and averaged to
obtain sufficient ion counts for most negative ions.
ECID spectra of (AR  2H)2 ions were also measured
with a narrow (0.1 mm) electrostatic energy analyzer
(ESA) entrance slit for increased kinetic energy and
mass resolution.
Calculations
Standard ab initio calculations were performed using
the Gaussian 03 suite of programs [12]. Ion and radical
structures were first optimized with density functional
theory calculations using the B3LYP hybrid functional
[13] and the 6-31G(d,p) basis set, and the local energy
minima and transition states were characterized by
harmonic frequency analysis to have the appropriate
number of imaginary frequencies (zero for local minima
and one for transition states). The calculated harmonic
frequencies were scaled by 0.963 [14]. The structures
were then reoptimized with B3LYP/6-31G(d,p). Im-
proved energies were obtained by single-point calcula-
tions on the B3LYP/6-31G(d,p)-optimized geome-
tries. The single-point calculations used B3LYP and
Møller–Plesset perturbational theory [15] truncated at
second-order with valence electrons only excitations
[MP2(frozen core)] and the 6-311G(2d,p) basis set.
For a few selected systems we also obtained B3LYP and
MP2 single-point energies with the larger 6-311G(3df,2p)
and aug-cc-pVTZ basis sets. For molecular systems of the
(GR  2H)· cation-radical size these basis sets com-
prised 843, 1144, and 1654 primitive gaussians, respec-
tively. Spin-unrestricted formalism was used for calcu-
lations of open-shell systems. Contamination by higher
1728 PANJA ET AL. J Am Soc Mass Spectrom 2008, 19, 1726–1742spin states was modest, as judged from the expectation
values of the spin operator S2 that were 0.76 for
UB3LYP and 0.78 for UMP2 calculations for most
radicals. The UMP2 energies were corrected by spin
annihilation [16] that reduced the S2 to close to the
theoretical value for a pure doublet state (0.75). The
single-point B3LYP and spin-projected MP2 energies
were averaged according to the B3-PMP2 procedure
[17] that resulted in cancellation of small errors inherent
to both approximations and provided dissociation and
transition-state energies of improved accuracy, as pre-
viously shown for a number of closed-shell and open-
shell systems [18]. The B3-PMP2 correction scheme
finds a theoretical background in the analysis of bond
dissociation in H2, where B3LYP was found to overes-
timate the correlation energy, whereas MP2 underesti-
mated it by the same amount when compared to
full-configuration interaction (CI) reference calculations
[19]. Excited-state energies were calculated for opti-
mized ion and radical geometries using time-dependent
density functional theory (TD-DFT) with the B3LYP
functional and 6-311G(2d,p) basis set [20]. The use
of TD-DFT for open-shell electronic systems is justified
for ammonium and other peptide radicals where the
singly occupied molecular orbital (SOMO)–ion energy
gap (recombination energy) is typically smaller than
excitation energies for valence electrons in underlying
doubly occupied molecular orbitals. For low excited
states at least, this ensures single-electron excitations
from the SOMO to a linear combination of virtual
orbitals to provide poles of the response functions [20].
This is readily checked in the Gaussian output of a TD
calculation, where all excitations should be of the
(SOMO) ¡ (virtual orbital) type. The molecular
orbitals for the excited states were obtained as linear
Figure 1. ECID/Cs spectrum of (GR  2H)2 a
a charge-reduced (GR  2H)· ion would be expectecombinations of virtual orbitals using the TD-B3LYP/
6-311G(2d,p) expansion coefficients. Atomic spin
and charge densities were calculated using the natural
population analysis (NPA) method [21].
Unimolecular rate constants were calculated by the
Rice–Ramsperger–Kassel–Marcus (RRKM) [22] theory
using Hase’s program [23] that was recompiled in C
and run under Windows XP [24] The RRKM rate
constants were obtained by direct count of quantum
states at internal energies that were increased in 2 kJ
mol1 steps from the transition state up to about 300 kJ
mol1 above the reactant. Rotations were treated adia-
batically and the calculated k(E, J, K) microscopic rate
constants were Boltzmann-averaged over the thermal
distribution of rotational states at 298 K.
Results
ECID Spectra of (GR  2H)2 and (AR  2H)2
The ECID spectrum of (GR  2H)2 (m/z 116.5, Figure 1)
shows several fragment ions, whereas the charge-
reduced (GR  2H)· ion at m/z 233 is not detected
(1% of m/z 232 intensity, Figure 1, inset). The dissoci-
ation products were identified by mass shifts arising
from Gly/Ala substitution and deuterium labeling in
AR. The three major dissociations of (GR  2H)· and
(AR  2H)· are loss of H, ammonia, and NOC bond
cleavage producing the z ion at m/z 159. Dissociations in
the Arg side chain give fragments retaining the charged
guanidine group, e.g., m/z 60, 73, 87, and 100, which
appear at the same m/z in the ECID spectra of (GR 
2H)2 and (AR  2H)2 (Figure 2a). Another fragmen-
tation in the Arg side chain of (GR  2H)· forms the
fragment ion at m/z 190, which shifts to m/z 204 for AR.
keV. Inset shows the m/z 230–234 region wheret 100
d at m/z 233.
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This followed from the ECID spectra of (ARD6 
2D)2 (m/z 127.5, Figure 2b) and (ARD5  2D)
2 (m/z
127, not shown), which showed losses of CN2D3 and
CN2D2. A loss of other neutral molecules nominally
isobaric with CN2H3 (HCNO, C3H7) would have re-
sulted in the retention of seven to eight deuterium
atoms in the fragment ion from (ARD6  2D)
2,
contrary to the experiment.
To check for the presence of nondissociating charge-
reduced ions, we obtained an ECID spectrum of (AR 
2H)2 at increased mass resolution. This showed the
(AR 2H)· signal at0.1% of that for m/z 246 (Figure 2c),
Figure 2. ECID/Cs spectra of (a) (AR 2H)2 (
keV. Inset (c) shows the expanded m/z 244–248 r
resolution. Inset (d) shows the expanded m
(ARD6  2D)
2. Inset (e) shows the expand
(ARD6  2D)
2.confirming the absence of surviving charge-reduced species.The loss of H or D from (ARD6  2D)
2 shows
substantial kinetic isotope effects. Figure 2d shows a
3.3:1 ratio for loss of H and D, in contrast to the
statistical ratio of 1:4 for loss of the ammonium or
guanidinium H and D from the D8 ion. The loss of
ammonia isotopologues from (ARD6  2D)
· gives
[ND3]:[ND2H]:[NDH2] in a 1:3:2 ratio (Figure 2e), which
differs from that for a random distribution of eight
exchangeable deuterium atoms in the ion (7:7:1). This
indicates that the incomplete exchange of eight of ten
exchangeable protons in (AR 2H)2 mainly affects the
Gly ammonium group, which is presumed to be lost
preferentially upon ECID [25–27]. The D label distribu-
23.5) and (b) (ARD6  2D)
2 (m/z 127.5) at 100
from (AR  2H)2 measured at increased mass
51–256 region for loss of H and D from
/z 233–239 region for loss of ammonia fromm/z 1
egion
/z 2
ed mtion in the z ions from (ARD6  2D)
2 shows a 4:8:3
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statistical ratio of 5:8:2. This and the label distribution
for the loss of ammonia indicate that a larger portion of
the nonexchanged protons are in the Gly part of the ion.
We also studied the CID spectra of (GRH) and (AR
H) to elucidate dissociations of these ions when formed
as intermediates by the facile loss of H from the corre-
sponding charge-reduced precursors. CID of (GR  H)
showed several fragment ions, e.g., m/z 215 (loss of NH3),
202 (loss of CH2NH2), and 187 (loss of COOH), 159, 101,
87, 73, 70, 59, 43, and 30 (Figure S1, Supplementary
Material, which can be found in the electronic version of
this article). The m/z 215, 202, and 187 peaks are unique for
the CID spectrum of (GR  H) but appear as very weak
peaks in the ECID spectrum of (GR  2H)2 (Figure 1).
Thus, we deduce that most fragments in the ECID spec-
trum are produced by dissociations of charge-reduced
(GR  2H)· and not by consecutive dissociations ofFigure 3. CR mass spectra of (a) (GR  H) and(GRH). Analysis of the CID spectrum of (ARH)
(m/z 44 and 201, Figure S2, Supplementary Material) led
to similar conclusions.
CR Mass Spectra of (GR  H) and
(AR  H)
Charge inversion in both (GR  H) and (AR  H)
resulted in major fractions of the corresponding non-
dissociating anions at m/z 232 and 246, respectively
(Figure 3a and b). The fragment ions were assigned
on the basis of mass shifts or their absence for GR and
AR. The major dissociation product from both GR
and AR is the z anion at m/z 158. This fragment ion
further undergoes elimination of a 42-Da neutral
fragment from the Arg side chain, possibly HN¢C¢NH, to
give the m/z 116 ion. Minor fragments are observed, e.g.,(b) (AR  2H), collisions with Cs at 50 keV.
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187, and 143 from (AR  H), which are attributed to
eliminations of ammonia, CO2, and guanidine from the
radical intermediates or survivor (GRH) and (AR
H) anions. It should be noted that negative ion spectra
are highly selective in displaying only species that have
finite and nonnegligible electron affinities to provide
bound states for the charging electron. This holds for z
fragments, which are presumed to be C radicals that
are known to form stable negative ions upon electron
transfer [28, 29]. However, the presence of nondissoci-
ating (GR  H) and (AR  H) anions indicates
structures other than those for their precursor cations.
The possible structures of (GR  H) precursor ions,
(GR  H)· radicals, and dissociation products are ad-
dressed by electron structure theory computations de-
scribed in the following section.
Precursor Ion Structures
Protonation in gas-phase GR and AR can be expected to
preferentially occur in the arginine side chain, which
has a substantially higher basicity than the N-terminal
amino group [30]. The conformations of singly proton-
ated ions were studied for (GR H) and the fully
optimized geometries of five low-energy conformers
are shown in Figure 4. The structures show major
hydrogen bonding interactions between the protonated
guanidinium group and the carbonyl oxygen atoms [6].
1.731
2.196
2.266
1a+ (91%)
+
2.748
1.799
2.740
+
1c+ (<0.1%) 1
Figure 4. B3LYP/6-31G(d,p) optimized stru
coded as follows: turquoise, C; blue, N; red, O; g
arrows and distances are given in Ångstrøms. Th
populations at 298 K in the gas phase.H-bonding in the neutral glycine residue is muchweaker, as evidenced by the longer NOHÊO distances
(Figure 4). Ion conformers in which the guanidinium
moiety is H-bonded to the Gly amide carbonyl repre-
sent the most stable group, e.g., 1a and 1b, which
differ in the orientation of the COOH group. Ion con-
formers in which the guanidinium group is H-bonded
to the carboxyl group, e.g., 1c and 1d, are less stable
than 1a and 1b (Table 1). Another ion conformer
(1e), in which the guanidinium is H-bonded to both
1.760
1b+ (9%)
2.208
2.292 +
+ 2.061
1.
97
5 +
<<0.1%) 1e+ (<<0.1%)
s of (GR  H) cations. The atoms are color-
. Hydrogen bonds are indicated by blue double
es in parentheses are the calculated equilibrium
Table 1. Relative energies of (GR  H) cations and (GR 
2H)2 and (AR  2H)2 dications
Relative energya,b
B3LYP B3-MP2
Ion 6-31G(d,p) 6-311G(2d,p)
1a 0 0 (0)c
1b 5 5 (6)
1c 29 32 (26)
1d 31 35 (31)
1e 40 37 (44)
2a2 0 0 (0)c
2b2 2 3 (3)
2c2 1 2 (0.8)
3a2 0 0 (0)c
3b2 2 3 (0.6)
3c2 0.5 1 (1)
aIn units of kJ mol1.
bIncluding B3LYP/6-31G(d,p) zero-point corrections and H298 enthalp-1.852
d+ (
cture
ray, H
e valuies and referring to 298 K.
cRelative 298 K free energies in parentheses.
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less stable than 1cand 1d. The calculated free ener-
gies indicate 1a to be the most populated gas-phase
conformer of the (GR H) cations (91% at 298 K).
Similar ordering of conformer stabilities is expected for
(AR  H) cations because the dominant ion–dipole
and dipole–dipole interactions in the ion are not much
affected by the Ala methyl group.
The relative enthalpies of doubly protonated GR and
AR are influenced by attractive ion–dipole and dipole–
dipole interactions and repulsive Coulomb interactions
between the charged groups. A balance of these two
interactions substantially reduces the number of low-
energy conformers for dipeptides. The calculated free
energies indicate three major conformers to be present
at gas-phase equilibrium (Figure 5). Dications 2b2 and
3b2, which have the protonated arginine side chains
H-bonded to the COOH carbonyls, are marginally more
stable thermochemically than the respective unfolded
conformers 2a2 and 3a2 (Table 1). H-bonding by the
guanidinium imine proton, as in 2c2 and 3c2, is
slightly less favorable. The H-bonding decreases the
entropy of 2b2 and 2c2 relative to that of the unfolded
conformer 2a2 and thus compensates for the enthalpy
difference. The AR dications 3a2–3c2 show a similar
1.778 2a2+ (49%)
+
+
1.794
+
+
1.785
2c
1.759+
+
3a2+ (41%)
Figure 5. B3LYP/6-31G(d,p) optimized struct
atoms are color-coded as in Figure 4. The va
populations at 298 K in the gas phase for each grouptrend. The calculated free energies indicate that all three
most stable conformers of (GR 2H)2 and (AR 2H)2
can coexist at equilibrium in the gas phase and will
undergo charge reduction by electron transfer from Cs.
Electron Transfer to (GR  H) and Dissociation
Energetics of (GR  H)·
Fast ions 1 and 2 undergo vertical electron transfer
upon collision with Cs atoms. The timescale for the
collision can be estimated from the path length for the
interaction that is approximated as a sum of the atomic
and molecular diameters, 4.88 and 9 Å for Cs and 1a,
respectively, and the ion velocity (2  105 ms1 at 50
keV). This gives the interaction time as 7 fs, which is
shorter than the vibrational period of the fastest vibra-
tion in 1a. The vertical recombination energy of 1a
(REv 	 2.64 eV, Table 2) is substantially lower than its
adiabatic recombination energy (3.44 eV), which is
equal to the adiabatic ionization energy of radical 1a.
Significantly, the REv of all (GR  H)
 ion conformers
are lower than the ionization energy of Cs (3.894 eV),
indicating that the collisional electron transfer is endo-
ergic. Under such conditions, the mean internal energy
1.788
1.984
2b2+ (15%)
+
+
1.780
1.980
3b2+ (33%)
+
+
.930
(26%)
+
+936
36%)
of (GR 2H)2 and (AR 2H)2 dications. The
in parentheses are the calculated equilibrium1
3c2+
1.
2+ (
ures
luesof conformers.
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sum of the precursor ion rovibrational (Hrovib 	 38 kJ
mol1 at 298 K) and the Franck–Condon energy (EFC 	
70 kJ mol1) (eq 1) [31]:
EHrovibEFC 38 70 108 kJ mol1 (1)
According to eq 1, radical 1a acquires on average 108 kJ
mol1 vibrational energy upon vertical reduction. The
radical excitation through Frank–Condon effects is
mainly attributable to the differences in the relaxed
geometries of the guanidinium group in the cation and
radical [7]. The guanidinium group in 1a is near planar
to allow –electron interactions of the C and N atoms
and has relatively short CON bonds at 1.326–1.349 Å.
The guanidinium group in radical 1a is puckered at all
C and N centers and has longer CON bonds at 1.419–
1.428 Å. Vertical electron attachment to 1a is expected
to result in excitation of the stretching (1231, 1311, 1321
cm1) and out-of-plane deformation (301, 427, 479, 500,
539, 674, and 698 cm1) modes in the guanidine group.
In contrast to (GRH) cations, the pertinent radicals
1a–1d fall into a narrow range of relative energies that
are within 8 kJ mol1 (Table 4). The radical structures
and relative energies (kJ mol1) are shown in Scheme 1.
In view of the substantial vibrational excitation in 1a
and low barriers for Arg side-chain rotations (10–12 kJ
mol1) [6], radical conformers 1a–1d are expected to be
at fast equilibrium in the gas phase. The diminished
differences in radical relative energies are mainly a
result of the weakening of intramolecular hydrogen
bonds of the guanidine group, as illustrated by the
NOHÊO¢C distances, which are 1.73 and 2.18 Å in 1a
and 1a, respectively. Weak H-bonding also accounts for
the spontaneous unfolding of the Arg side chain upon
Table 2. Ion recombination energies
Recombination
energya
Ion REab REvc
1a 3.44 2.64
1b 3.42
1c 3.75 2.81
1d 3.69 2.75
2a2 5.79d 4.96
5.51e
2b2 5.62 5.31
2c2 6.59f 5.29
3a2 — 5.03
3b2 — 5.07
3c2 — 5.04
aAbsolute values in units of electron volts.
bAdiabatic recombination energies from combined B3LYP and PMP2/
6-311G(2d,p) single-point energy calculations and including B3LYP/
6-31G(d,p) zero-point energy corrections.
cVertical recombination energies from combined B3LYP and PMP2/6-
311G(2d,p) single-point energy calculations.
dForming 2aa·.
eForming 2ab·.
fSpontaneously isomerized to Gly-enolimine isomer 2ca·.electron attachment to 1c giving radical 1c.Loss of guanidine is one of the dissociations observed
upon CR of (GRH) and (ARH). Dissociation of
the CON(guanidine) bond leading to loss of guanidine is
mildly endothermic to form alkyl radical 4 (
Hrxn 	 16 kJ
mol1, Table 4) and has a loose transition state (TS1) at
ETS1 	 54 kJ mol
1 above 1a (Scheme 2). Note that loss of
guanidine can start from any of the radical conformers
and proceed through multiple transition states differing in
side-chain and backbone conformations [6]. The primary
alkyl radical (4) formed by loss of guanidine from 1a is
unlikely to have a sufficient electron affinity to form a
stable anion upon electron transfer [6]. As reported previ-
ously for arginine radicals [6], radical fragments of the 4
type can exothermically rearrange by COH atom migra-
tion to form stable C-radicals, e.g., 5 (Scheme 2), which
has a substantial electron affinity [EAv(5) 	 1.28 eV].
However, loss of guanidine and fragment rearrangement
are consecutive reactions that must occur during the
radical residence time in the collision cell (200 ns), and
thus the formation of dissociation products of the 5 type
may be kinetically limited and affect detection of the
corresponding anions.
The formation from 1a of a neutral z fragment and a
glycine enol imine was calculated to be 37 kJ mol1
endothermic (Table 4). The dissociation can proceed by
various mechanisms involving one or more transition
states that were not studied here.
Neither radical 1a nor its conformers have bound
states for an extra electron to form stable anions, as
documented by negative vertical electron affinities for
1a and 1d (Table 3). The fact that nondissociating (GR
H) and (AR  H) anions were detected in CR
spectra indicated that a rearrangement in 1a or its
conformers took place to form radical structures that
could give stable anions upon electron transfer [29]. In
addition, the rearrangement must occur on the experi-
mental timescale of 200 ns. We investigated the migra-
tion of hydrogen atoms from the Arg and Gly C
positions onto the guanidine C atom. Similar rearrange-
ments have been reported to account for stabilization of
arginine and arginine amide radicals [6, 9]. Migration of
the Arg COH atom is 30 kJ mol
1 exothermic to form
radical 1f and requires 39 kJ mol1 in TS2 (Table 4).
Table 3. Radical electron affinities
Electron affinitya
Radical EAab EAvc
1a — 0.38
1d — 0.16
1f 2.03 1.43
1g 1.29 0.10
z 2.00 1.59
5 1.71 1.28
aAbsolute values in units of electron volts.
bAdiabatic electron affinities from combined B3LYP and PMP2/6-
311G(2d,p) single-point energy calculations and including B3LYP/6-
31G(d,p) zero-point energy corrections.
cVertical electron affinities from combinedB3LYP and PMP2/6-311G(2d,p)
single-point energy calculations.
heme
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1
exothermic to form radical 1g but requires a higher
activation energy in TS3 (ETS3 	 62 kJ mol
1). Thus,
both rearrangements are thermodynamically favorable
but their kinetics may differ. Radicals 1f and 1g have
substantial adiabatic electron affinities (Table 3). How-
Table 4. Relative and dissociation energies of (GR  H)· radical
6-31G(
Species/reaction B3LYP
1a ¡ 1b 8
1a ¡ 1c 3
1a ¡ 1d 0.1
1a ¡ 1e 10
1a ¡ TS1 52
1a ¡ TS2 39
1a ¡ 1f 31
1a ¡ 1g 45
1a ¡ TS3 67
1a ¡ 4  HN	C(NH2)2 6
4 ¡ 5 91
1a ¡ z  H2NCH2C(OH)	NH 26
aIn units of kJ mol1.
bIncluding B3LYP/6-31G(d,p) zero-point energies and referring to 0 K.
c
ScB3-PMP2/6-311G(3df,2p) energies.
dB3-PMP2/aug-cc-pVTZ energies.ever, the vertical EA differ and, although that for 1f is
substantial (1.43 eV), that for 1g is only 0.10 eV (Table
3). Thus, apparently the formation of (GR  H) is
more favorable from 1f. We note that 1g is likely to have
a number of side-chain conformers of similar energy,
but those were not studied here.
Relative energya,b
6-311G(2d,p)
B3LYP PMP2 B3-PMP2
9 8 8
3 11 7
1 9 4
10 6 8
49 58 54 (56)c (54)d
43 35 39 (39)c (39)d
32 29 30 (29)c (30)d
46 44 45
69 55 62 (62)c (61)d
0 32 16
91 74 82
19 55 37
1s
d,p)
heme
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atom migrations must occur on the experimental time-
scale for radical lifetimes between the neutralizing and
ionizing collisions (t  200 ns). We used RRKM calcu-
lations to obtain the unimolecular rate constants (k, s1)
for COH migrations in (GR  H)
· radicals and com-
peting isomerizations and dissociations. Because of the
fast side-chain rotation in arginine radicals (k 1011 s1
[6]), the radical conformers are presumed to rapidly
equilibrate. Thus, according to the Curtin–Hammett
principle [32] the relevant reactant structure is that of
the most stable conformer 1a. The calculated rate con-
stants (log k, s1) are shown in Figure 6a. Arginine
COH atom migration has the lowest TS energy and
dominates at low excitations in the reactant (k2, Figure
6a). However, the loss the guanidine has a looser TS and
becomes faster at E  90 kJ mol1 (k1, Figure 6a). The
fraction of 1f formed from 1a can be expressed as
1f
1a

k2
k1 k2kdis
[ekdist ek1k2t] (2)
where kdis are the combined rate constants for reac-
tions depleting 1f, and k1 and k2 are as in Figure 6a.
Assuming kdis  (k1  k2), and t 	 200 ns for the
reaction timescale, we calculated the percentage of 1a
1.942
2.213
●
TS1 (54)
1e
H●
1.365
1.410
TS3 (62)
1g (-45)
●
1a
-HN=C(NH2)2
(0 kJ 
(8)
Screarranging to 1f as a function of the radical internalenergy (Figure 6b). The conversion has a maximum of
12% for 1a having 115 kJ mol1 internal energy (Figure
6b). For (GR  H)· acquiring the mean internal energy
upon electron transfer (E 	 108 kJ mol1; see preced-
ing text), the dissociation kinetics predicts 11% conver-
sion to 1f. RRKM calculations were also performed with
TS energies calculated by B3-PMP2/6-311G(3df,2p)
and B3-PMP2/aug-cc-pVTZ and gave similar fractions
of 1f (11 and 12%, respectively). The relevant rate
constants and conversions are shown in Figure S3
(Supplementary Material). Note that the C-radical 1f is
more stable than 1a and thus the reverse H-atom migra-
tion, 1f¡ TS2¡ 1a, has a greater activation energy and
is substantially slower (k3, Figure 6a) than the forward
migration. Likewise, migration of the Gly COH to form
the Gly C radical 1g or its side-chain conformers has a
relatively high activation energy (62 kJ mol1) and tight
transition state (TS3) and is not expected to occur com-
petitively (k4, Figure 6a). Thus, although 1g is thermody-
namically more stable than 1f, its formation from 1a is
disfavored kinetically. Another possible pathway to form-
ing 1g would be by H-atom migrations between the Gly
and Arg C-positions, e.g., 1f ¡ 1g, as studied for other
peptide radicals [33, 34]. We did not study such migra-
tions, although it should be noted that their kinetics would
be limited by the formation of an initial C-radical, e.g., 1f,
●
●
16) 5 (-66)
●
1f (-30)
2.187
●
1.427
1.336
H
2.017
TS2 (39)
1)
24 (
mol-which depends on k2.
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Dissociation Energetics of (GR  2H) ·
The doubly charged (GR  2H)2 precursor ions were
calculated to consist of a mixture of three major
conformers—2a2, 2b2, and 2c2 (Figure 5)—that
upon electron transfer give the corresponding cation
radical conformers 2a·, 2b·, and 2c·. In addition,
either of the charge-carrying group may be reduced
in the dications to give rise to further conformational
isomers. For example, charge reduction in 2a2 was
calculated to produce two cation radicals that were
found to be local energy minima. The more stable one
(2aa·, Scheme 3) has a pyramidized guanidine group
that carries 98% of the unpaired electron density and
has all the characteristics of a guanidinium radical.
The Gly moiety carries 72% of positive charge and the
N-terminal NH3 groups shows a typical ionic H-
bonding distance to the amide carbonyl (1.654 Å). The
Figure 6. (a) Calculated RRKM unimolecular rate constants (log
k, s1) for dissociations and isomerizations of 1a. k1 (open dia-
monds): CON(guanidine) bond dissociation through TS1; k2 (full
circles): Arg COH atom migration through TS2; k3 (full squares)
inverse H atom migration in 1f through TS2; k4 (full triangles): Gly
COH atom migration through TS3. (b) Calculated fractions of 1a
converted to 1f on a 200-ns timescale. The arrow indicates the
mean internal energy in 1a, the green shaded region indicates the
approximate range of internal energies in 1a.other structure (2ab·, Scheme 3) is 27 kJ mol1 lessstable than 2aa· and can be represented as a Gly
ammonium radical with a weak H-bonding to the Gly
amide and having a near-planar guanidinium group
in the Arg residue. However, the calculated spin
densities in 2ab· place 61% of the unpaired electron
density in the Gly residue and 37% in the Arg
guanidine group. Since 2aa· and 2ab· differ in the
electron distribution, they can be considered two
different electronic states of the same species, each
existing in a different potential energy well. It should
be noted that the relative energies of 2aa· and 2ab·
depend on the computational method used. MP2
calculations placed 2aa· below 2ab·, whereas
B3LYP gave similar energies for both (Table 5). The
delocalization of spin and charge in 2ab· suggests
that the captured electron cannot be assigned to
reduce just one charged group in the peptide dication
[10]. Relevant to ECID, vertical electron transfer to
2a2 produces a state that initially has the ion geom-
etry. The charge and spin distribution in vertically
formed 2a· shows 67% of unpaired electron density
in the Gly moiety, 22% in the COOH group, and 8%
in the Arg guanidine moiety. This spin delocalization is
further illustrated by the molecular orbitals for the ground
and excited electronic states in vertically reduced 2a·
(Figure 7). This shows the ground state (SOMO) as a
superposition of the ammonium 3s Rydberg-like orbital,
and the Gly amide, Arg–COOH, and guanidinium *
orbitals. The excited states are closely spaced with the C
and D states consisting of superpositions of amide and
carboxyl * orbitals [35,36].
The recombination energies for 2a2 were calculated
as REv 	 4.96 eV and REa 	 5.79 and 5.51 eV, forming
2aa· and 2ab·, respectively (Table 2). The vertical
recombination energy in 2a2 is greater than the ioniza-
tion energy of Cs (3.894 eV). Thus, electron transfer
from Cs is exothermic by 
E 	 4.96  3.89 	 1.07 eV,
which is near-resonant with the G-excited state in 2a·
of 
Eexc 	 1.09 eV (Figure 7). Which of the 2aa
· and
2ab· structures is going to develop from vertically
formed 2a· is difficult to predict. Therefore we have
analyzed the relevant portions of the potential energy
surface along the reaction pathways starting from both
structures to investigate their intrinsic reactivity.
Structure 2aa· has the radical center in the guani-
dine group, which may favor loss of guanidine, as
reported for other arginine radicals [6, 9]. Loss of
guanidine from 2aa· is calculated to be only slightly
endothermic to give ion 6· or its conformers (Table 5,
Scheme 4). Ion 2aa· can undergo a slightly exothermic
chain folding to form conformer 2ac· (Scheme 4). This
has a favorable arrangement of the COH bond and
guanidine radical group to reach TS4 for H-atom trans-
fer, which is at ETS4 	 30 kJ mol
1 above 2aa·. The
H-atom transfer is substantially exothermic when com-
bined with conformational relaxation and proton transfer
to the basic triaminomethyl group to form C-radical
2ad·. The transition states for the proton transfer and
associated conformational transformations in the interme-
heme
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· can further
undergo facile loss of ammonia from the triaminomethyl-
group to give ion 7a· or its more stable conformers (7b·,
Scheme 4).
Structure 2ab· can stabilize by forming a hydrogen
bond between the charged guanidinium and COOH
groups. Interestingly, this was accompanied by sponta-
neous and exothermic isomerization by Gly–NH3 proton
migration to form enolimine 2ae· Scheme 5). Interest-
ingly, this pathway is convergent with charge reduction in
●
1.654
+
2aa+●
2a
[2a
Sc
Table 5. Relative and dissociation energies of (GR  2H)·
cation-radicals
Relative energya,b
6-31G(d,p) 6-311G(2d,p)
Species/reaction B3LYP B3LYP PMP2 B3-PMP2
2aa· ¡ 2ab· 2 0.3 53 27
2aa· ¡ 2ac· 2 0.1 9 5
2aa· ¡ TS4 31 35 24 30
2aa· ¡ 2ad· 98 93 102 98
2aa· ¡ 2ae· 80 77 74 75
2aa· ¡ TS5 47 46 24 35
2aa· ¡ z· 
H2NCH2C(OH)	NH
84 89 47 68
2aa· ¡ 6· 
(H2N)2C	NH
0.2 7 29 18
2aa· ¡ 7a·  NH3 21 28 6 11
7a· ¡ 7b· 39 39 40 40
2aa· ¡ 2af· 58 55 57 56
2aa· ¡ 2ag· 212 210 210 210
2aa· ¡ 8·  NH3 172 175 164 169
2aa· ¡ TS6 62 57 63 60
2aa· ¡ 2ah· 96 91 93 92
2aa· ¡ TS7 50 46 34 40
2aa· ¡ 2ai· 150 151 132 141
2aa· ¡ 2ba· 17 12 20 4
2ba· ¡ 2ae· 63 65 94 79
2aa· ¡ 2ca· 88 85 73 79
2ca· ¡ TS8 3 3 7 5
2ca· ¡ z· 
H2NCH2C(OH)	NH
4 4 27 11
aIn units of kJ mol1.
bIncluding B3LYP/6-31G(d,p) zero-point energies and referring to
0 K.ion conformer 2b2, which produces cation-radical 2ba·
as a local energy minimum (Scheme 5). The recombination
energies for 2b2 were calculated as REv 	 5.31 eV and
REa	 5.62 eV (Table 2). The unpaired electron and charge
distribution in 2ba· is similar to that in 2ab· in that the
charge is carried by the planar guanidinium group,
whereas the spin density is partitioned at 35% in the Gly
ammonium, 40% in the Gly amide, and 20% in the COOH
group. Ion 2ba· can exothermically isomerize to 2ae· by
Gly NH3 proton migration. The latter isomer can break the
NOC bond inTS5, which is 62 kJ mol
1 below 2ab· and
40 kJ mol1 above 2ae·, to form a Gly enolimine neutral
fragment and the z· ion at 7 kJ mol1 above 2ae·
(Scheme 5).
Another side-chain rotation in 2ab· brings the
charged guanidinium group close to the Gly amide in
2af·, which is 83 kJ mol1 more stable than 2ab·
(Table 5, Scheme 6). An interesting feature of 2af· is the
shift of unpaired electron density from the Gly ammo-
nium to the amide group, which shows substantial
pyramidization and carries much of the spin density
(84%), whereas the ammonium group carries only 5%.
Ion 2af· can undergo two dissociations. One is a highly
exothermic elimination of the Gly ammonia (8·) form-
ing first an ion–molecule complex 2ag·. Although we
did not study the transition state for the ammonia
elimination from 2af·, previous calculations on similar
Gly–N-terminated peptide cation radicals found ex-
tremely low TS energies for this dissociation [10, 25, 26].
The other pathway involves ammonium proton migra-
tion onto the Gly–amide carbonyl through TS6 to form
enolimine 2ah·, which is isomeric with 2ae· shown in
Scheme 5. The TS6 energy is slightly below that of 2af·
because of the zero-point energy decrease in the transi-
tion state. This indicates a practically barrierless and
exothermic isomerization of 2af· to 2ah·. An NOC
bond cleavage in 2ah· proceeds through another low-
lying TS7 (67 kJ mol1 below 2ab·) to form ion–
molecule complex 2ai· (Scheme 6). The latter can
dissociate to Gly enolimine and the z· ion. In the
course of the dissociation, complex 2ai· may undergo
2.082●
+
2ab+●
32+
+●]
e–further conformational transformations to achieve a
1738 PANJA ET AL. J Am Soc Mass Spectrom 2008, 19, 1726–1742favorable H-bonding arrangement in the incipient z·
ion. Another intermediate step that would further
lower the energy threshold for the products may in-
volve prototropic isomerization of neutral glycine eno-
limine to the more stable glycine amide. Whether or not
these isomerizations occur is unclear because the ECID
spectra did not provide information on the neutral and
ion fragment structures.
Nevertheless, the calculated energies in Tables 2 and
5 indicate that 2ai· accumulated very high vibrational
excitation through exothermic electron-transfer from Cs
(
Eexc 	 182 kJ mol
1) and isomerization of the primary
charge-reduced structure 2ab· on the potential energy
surface (168 kJ mol1). Thus, although 2ai· resides in a
potential energy well and its dissociation to glycine
X
B
D
F
H
0
0
0
0
1
1
0
0
0
Figure 7. Electronic states and molecular orb
6-311G(2d,p) calculations. Excitation ene
distinguished by gold and purple color.enolimine and the z· ion is 73 kJ mol1 endothermic,this noncovalent binding energy is insufficient to pre-
vent dissociation on the experimental timescale (see
following text).
Finally, electron capture in 2c2 was accompanied by
spontaneous migration of the Gly ammonium proton to
form enolimine 2ca· (Scheme 7). Attempts at capturing
the putative 2c· cation-radical having a Gly amide group
were unsuccessful. Even when starting the geometry
optimization with structures that had puckered guani-
dinium groups, which is a structure feature typical for
Arg-based radicals [6, 9], the optimized structures con-
verged to 2ca·. The adiabatic recombination energy of
2c2 was calculated as 6.59 eV, which includes the sub-
stantial exothermicity in the isomerization of vertically
reduced 2c2 to 2ca·. The vertical recombination energy
A
C
E
G
in vertically reduced 2a· from TD-B3LYP/
are given in eV. The orbital phases are.14
.53
.65
.89
.09
.23
.00
.09
.38
itals
rgiesin 2c2 is REv 	 5.29 eV (Table 2). Ion 2ca
· can undergo
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5 kJ mol1 above 2ca·. The spontaneous formation of the
enolimine intermediate 2ca· and the low TS energy for
+
●
1.666 6+● (18)
2aa+●
●
+
1.614
2ac+● (-5)
-(H2N)2C=NH
1.944
(0 kJ mol-1)
ScSchemethe NOC bond cleavage in this conformer are likely to
steer the dissociation to form the z· ion as a practically
exclusive dissociation.
H
TS4 (30)
●
+
1.573
2ad+● (-98)
●
+
1.676
-NH3
7a+● (-11)
+
●
2.032
+● (-51)
1.736
●
-NH3
41.462
1.309
7b
+5
heme
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The mass spectra and calculations point to very differ-
ent reactivity and electronic structures of radicals
formed by electron transfer to singly and doubly pro-
tonated peptides containing C-terminal arginine resi-
dues. Both (GR  H)· and (GR  2H)· undergo NOC
bond dissociations, resulting in the formation of z-type
fragments. However, major differences are observed
in the kinetic stability of the radical species formed by
electron transfer whereby substantial fractions of
2ab+●
-NH3
GR1rad12
T
1.1
2
2ag+● (-237)
●
2.060
+
8+● (-196)
1.766
2af+● (-83)
+
●
2.361
1.733
2.029
1.940
●
1.756
+
1.621
(0 kJ mol-1)
Sc
2c2+
●
+
1.732
2.108
2ca+● (0 kJ mol-1)
e–Schemenondissociating (GR  H)· and (AR  H)· were
detected, whereas (GR  2H)· and (AR  2H)·
completely dissociated. These differences arise from
both different timescales for dissociations in ECID
and CR, different energies in the intermediates, and
the electronic properties of the charge-reduced inter-
mediates. We now discuss these topics in some detail.
Dissociations of (GR  H)· and (AR  H)· radicals are
confined to occur within the collision cell to allow the
formation of anions to be observed. It follows from Pois-
(-87)
●
1.647
+
2ah+● (-119)
●
+
1.856
2.009
TS7 (-67)
1.880
●
+1.965
2ai+● (-168)
1.763
+
● + H2NCH2C(OH)=NH
(-95)
6
z+● + H2NCH2C(OH)=NH
1.743
1.628
1.914
●
+
TS8 (5)
(11)S6
H
1.485
9
●
z+7
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collisions with Cs, cation ¡ radical and radical ¡ anion
[37], the latter is most likely to be formed in the second
half of the collision cell [6]. Thus, with the ion flight time
through the cell being about 200 ns, the most probable
lifetime for radicals to be ionized is about 100 ns. In
contrast, cation-radicals produced by ECID are observed
after traveling to the detector at about 1.5 m distance from
the cell, which requires they had lifetimes of about 5 s.
This 50-fold difference in radical and cation-radical life-
times prefers detection of short-lived radicals with disso-
ciation rate constants of k  2  107 s1, whereas detect-
able cation-radicals must have k  5  105 s1, both to
allow detection of 10% nondissociating species.
The second factor is the different energetics of elec-
tron transfer. It follows from the comparison of the ion
recombination energies that electron transfer from Cs is
about 1 eV endoergic for the monocations and about
1.1–1.3 eV exoergic for the dications. Since the Cs
cation has only high-lying electronic states, the excess
energy from exoergic electron-transfer collision is likely
to be deposited in the charge-reduced ion to drive its
dissociations.
Substantial differences are also found for the elec-
tronic structure and potential energy surfaces of the
(GRH)· radicals and (GR 2H)· cation-radicals. The
former are unambiguously characterized as guani-
dinium radicals in their ground electronic states, which
prefer isomerizations via H-atom migrations, e.g.,
through TS2 in (GR  H)·. In contrast, electron transfer
to (GR  2H)2 conformers produces multiple elec-
tronic states that differ in electron distribution and
reactivity. For example, loss of ammonia from (GR 
2H)· can occur from the Gly residue in ion 2af· or
from the charged guanidinium group in 2ad·. These
dissociations are triggered by the formation of a partic-
ular electronic state of charge reduced 2a2, e.g., 2ab·
for the former and 2aa· for the latter. Specific 15N
isotope labeling of the Gly, Ala, or Arg residues [27]
would be necessary to establish which of these mecha-
nisms operates in ECID. Multiple reaction pathways
were also found by computations for the NOC bond
dissociations in (GR  2H)·, e.g., TS5, TS7, and TS8,
that started from different precursor ion conformers
and proceeded via different charge-reduced intermedi-
ates. In addition to the peptide dissociations that are
typical for electron-based methods (loss of H, NH3,
guanidine, side-chain fragmentations, and NOC bond
cleavage) [2]; the ECID spectra also showed loss of a
CH3N2 radical from the Arg side chain. The mechanism
of this dissociation and the product ion structure are
unknown now and may warrant further investigations.
Conclusions
Collisional electron transfer to (GR  H), (GR  2H)2,
and their AR homologues results in different dissociations
of the charge-reduced intermediates. (GR  H)· radicals
are initially formed as a conformationally homogeneouspopulation that rapidly develops into several conformers
that undergo competitive loss of guanidine, NOC bond
dissociation, and rearrangement to Arg–C radicals. The
latter are kinetically stable to be detected as anions. The
(GR  2H)· cation radicals are formed as various con-
formers whose reactivity depends on the electron density
distribution to drive competitive loss of ammonia and
NOC bond cleavage. Multiple transition states were
found for NOC bond cleavage in (GR  2H)
· cation
radicals that differed in charge distribution and conforma-
tions. This detailed study has revealed substantial com-
plexity even in a relatively simple system and thus has led
to the conclusion that multiple mechanisms for backbone
cleavage dissociations may also operate in larger peptide
ions after charge reduction by electron capture or transfer.
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